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Integrin-ECM Interactions Regulate Cadherin-
Dependent Cell Adhesion and Are Required
for Convergent Extension in Xenopus
metries established during cleavage are resolved
through cell rearrangements and migrations into clearly
defined anterior-posterior (AP) and dorsal-ventral (DV)
axes. It is the combined action of localized individual
cell behaviors such as migration, shape change, and
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Charlottesville, Virginia 22908-0732 intercalation that drives morphogenesis in the embryo.
The best-described cellular rearrangement that occurs
during gastrulation is convergent extension, the medial
convergence of populations of cells that results in axialSummary
extension. Convergent extension is driven through the
radial and mediolateral intercalations of cells [3] and isBackground: Convergence extension movements are
thought to be important for a variety of localized mor-conserved tissue rearrangements implicated in multiple
phogenetic events, including mesoderm involution,morphogenetic events. While many of the cell behaviors
blastopore closure, and neural/axial extension. Whileinvolved in convergent extension are known, the molec-
convergence extension movements are similar in a phy-ular interactions required for this process remain elu-
logenetically diverse range of species, it is unclear fromsive. However, past evidence suggests that regulation
where in the embryo the initial signals required to estab-of cell adhesion molecule function is a key step in the
lish polarized cell movements originate. It is possibleprogression of these behaviors.
that cellular asymmetries arise through non-cell autono-Results: Antibody blocking of fibronectin (FN) adhesion
mous mechanisms, such as adhesive gradients or tissueor dominant-negative inhibition of integrin 1 function
geometry [4]; however, recent evidence suggests that italters cadherin-mediated cell adhesion, promotes cell-
is external signals transmitted across the cell membranesorting behaviors in reaggregation assays, and inhibits
that largely influence these cell behaviors. Many of themedial-lateral cell intercalation and axial extension in
candidate signals are secreted molecules such as Wntsgastrulating embryos and explants. Embryo explants
[5], growth factors such as TGF- (reviewed in [6]), orwere used to demonstrate that normal integrin signaling
extracellular matrix [4, 7].is required for morphogenetic movements within de-
The adhesive properties of Xenopus gastrula cells thatfined regions but not for cell fate specification. The bind-
participate in convergent extension are becoming clear,ing of soluble RGD-containing fragments of fibronectin
and it appears that both cell-cell [8] and cell-matrix inter-to integrins promotes the reintegration of dissociated
actions are essential [4, 7, 9]. A variety of cell adhesionsingle cells into intact tissues. The changes in adhesion
molecules, including cadherins [10–14], protocadherinsobserved are independent of cadherin or integrin ex-
[15, 16], synedcans [17], and integrins [4, 7, 18, 19], havepression levels.
been shown to be involved in Xenopus gastrulation.Conclusions: We conclude that integrin modulation of
While direct evidence for alterations in adhesive activitycadherin adhesion influences cell intercalation behav-
during gastrulation is limited to integrins [19], a numberiors within boundaries defined by extracellular matrix.
of recent studies suggest that localized extracellularWe propose that this represents a fundamental mecha-
signals may regulate cell-cell interactions at early devel-nism promoting localized cell rearrangements through-
opmental stages [20–23]. In many systems, intracellularout development.
signals have been suggested to regulate the adhesive
activities of both integrins [24–26] and cadherins (re-
Introduction viewed in [27]). Significantly, transitions between cell-
cell and cell-matrix adhesion may be regulated through
The classic cell-sorting experiments of Townes and “cross-talk” between members of these two families of
Holtfreter [1] gave rise to the notion that morphogenesis adhesion molecules. For example, Xenopus XTC cells
may be regulated through selective adhesion of distinct overexpressing XB cadherin exhibit a decrease in cell-
populations of cells. Many of the molecular processes matrix adhesion [28], while, in embryos, normal levels
that produce early cell type specification in vertebrate of C-cadherin expression are required for integrin-
embryos are now well understood, and while it is clear dependent fibronectin (FN) matrix assembly [29].
that there is interdependency between cell specification We reported previously that embryos lacking a fibro-
and morphogenesis, the signals that initiate the me- nectin matrix display polymorphic defects including an
chanical rearrangements of cells remain largely un- inability of dorsal marginal zone cells to undergo radial
known. Recent evidence indicates that the molecular intercalation [7]. Here, we present evidence that signals
cues driving many of these rearrangements are, in fact, propagated following integrin1 binding to FN modulate
independent of those that confer cell fate (reviewed cadherin adhesion at gastrulation. We use Keller sand-
in [2]). wich explants to demonstrate that integrin-induced
Prior to gastrulation, the Xenopus blastula appears changes in cadherin activity are likely required for cell
radially symmetrical. At gastrulation, molecular asym- intercalations observed in tissues undergoing conver-
gent extension. Furthermore, FN assembly along tissue
boundaries is correlated with domains of cell intercala-*Correspondence: desimone@virginia.edu
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tion, which drive convergence and extension move-
ments.
Results
FN Matrix Is Required for Morphogenesis,
but Not Patterning
We used two approaches to manipulate FN matrix as-
sembly during gastrulation in Xenopus embryos. As re-
ported previously [7], intrablastocoelar injection of func-
tion-blocking mAbs (e.g., 4B12) directed against the
central cell binding domain (CCBD) of FN inhibit matrix
assembly across the entire blastocoel roof (BCR; Figure
1D). Control mAb (4H2) has no affect on matrix assembly
(Figure 1A). Embryos that lack FN matrix show delayed
blastopore closure and defects in neural, mesoderm-,
and endoderm-derived tissues [7]. We asked whether
these defects arise as a result of tissue rearrangements
or alterations in patterns of gene expression. In embryos
lacking FN matrix, the patterns of Xnot [30] and Xbra
[31] reveal shorter and broader A/P axes (Figures 1E
and 1F) than those seen in control embryos (Figures 1B
and 1C). Measurements of expression domains for both
mesodermal markers reveal that in embryos lacking FN,
the AP axial length of expression is typically reduced
between 10%–30%, while the lateral margins of expres-
sion are increased by up to 50% (n10 for each marker).
These data suggest that FN-integrin interactions are
not required for patterning events, but that convergent Figure 1. FN Matrix Is Required for Morphogenesis, but Not for
extension is at least partially dependent upon the pres- Mesodermal Patterning in Whole Embryos
ence of intact FN matrix. (A–C) (A) FN matrix assembly, as detected by immunofluorescence,
An alternative approach to inhibit FN matrix assembly is extensive in stage 12 embryos injected with control mAb 4H2. (B
and C) Patterning of mesodermal ([B], Xnot; [C], Xbra) tissues isis to express a dominant-negative integrin construct
unaffected by mAb 4H2 injection, as detected by in situ hybrid-[32]. We have used a chimeric molecule consisting of
ization.the HA extracellular and transmembrane domains linked
(D–F) (D) Embryos injected with the FN function-blocking mAb 4B12
to the Xenopus integrin 1 subunit cytoplasmic tail do not assemble an FN matrix, and the domains of expression of
(HA1; [7]). A construct in which the integrin 1 tail has (E) Xnot and (F) Xbra are shorter and wider than in control embryos.
been deleted (HA) was used as a control in all experi- (G–I) (G) En face views of control cells along the inner surface of
the blastocoel roof expressing the HA construct (green) support FNments. Embryos injected on the dorsal side with RNAs
matrix assembly (red). (H and I) Patterning of mesodermal ([H], Xnot;encoding HA show no inhibition of FN matrix assembly
[I], Xbra) tissues is normal in embryos expressing HA.(Figure 1G; HA in green, FN in red). Embryos expressing
(J–L) (J) Embryos expressing the HA1 dominant-negative integrin
HA1 exhibit cell autonomous inhibition of FN matrix construct (green) do not assemble an FN matrix (red). (K and L)
assembly (Figure 1J; HA1 in green; FN in red). Similar Patterning of mesodermal ([K], Xnot; [L], Xbra) tissues is unaffected
to embryos injected with function-blocking antibodies, by HA1. However, the domains of expression of these marker
genes are shorter and wider than in HA-expressing embryos ([H],HA1-injected embryos exhibit delayed blastopore clo-
Xnot; [I], Xbra).sure and shortened AP axes. The expression pattern of
The embryos in (G) and (J) were injected with HA or HA1 in oneXnot reveals a short, wide axis of mesoderm in HA1-
blastomere at the 2 cell stage. Embryos in (H), (I), (K), and (L) received
injected embryos (Figure 1K) compared to HA control- transcript injections at two sites in each of the dorsal blastomeres
injected embryos (Figure 1H). In situ analysis with Xbra at the 4 cell stage. The embryos shown in (H), (I), (K), and (L) are
as a marker reveals similar defects (Figures 1I and 1L). slightly older than those depicted in (B), (C), (E), and (F). Embryos
are arranged with the blastopore down; anterior is up.
FN Matrix Is an Essential Component of the
Convergent Extension Mechanism little extension after 4 hr (Figure 2E) and no further exten-
sion after 18 hr (Figure 2F). These phenotypes wereDecreased axial extension in embryos that do not have
an FN matrix indicates that FN can play a role in mediat- consistently observed in multiple experiments with over
85% of HA explants (36/42) showing full extension ofing the cellular rearrangements that drive convergent
extension. We directly tested this by examining conver- both neural and mesodermal tissues, while, in HA1-
expressing explants, complete extension was never ob-gent extension in both neural and mesodermal tissues
by using Keller sandwiches [33]. Keller sandwiches from served (0/39).
To confirm that lack of extension in Keller sandwichesHA-injected embryos had initiated mesoderm extension
by 4 hr (Figure 2A) and were fully extended after 18 hr was not due to alterations in cell fate, we stained ex-
plants for notochord (mAb Tor70) and somite (mAb 12-(Figure 2B). Explants that expressed HA1 displayed
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Figure 2. FN Matrix Is Required for Axial Ex-
tension
(A–O) (A) Keller sandwiches made from em-
bryos expressing HA begin extending at (A)
4 hr and are fully extended by (B) 18 hr. Ex-
plants made from HA1-expressing embryos
undergo little extension at (E) 4 hr and remain
essentially unchanged by (F) 18 hr. Explants
are arranged in this figure with the mesoderm
to the left and neural and ectodermal tissue
to the right. Expression of the HA construct
has no effect on the patterning of (C) noto-
chord or (D) somite tissue in 24 hr Keller sand-
wiches. Similarly, while morphogenesis of
sandwiches expressing HA1 is disrupted,
the patterning of (G) notochord and (H) somite
tissues is unaffected. Notochord is revealed
with the mAb Tor70, and somite is revealed
with mAb 12-101. Keller sandwiches assem-
ble FN fibrils during extension, and assembly
is monitored by immunostaining and confocal
microscopy. (I) Two hours after explants were
assembled, FN fibrils can be observed in
sandwiches, and extensive matrix is present
by (J) 4 hr. (K) A cartoon of a Keller sandwich
showing ectoderm (blue), neural tissue
(green), mesoderm (red), and endoderm (pale
yellow). The boxes indicate the areas represented in (L)–(O). In sandwiches expressing HA, FN underlies the area of neural tissue undergoing
convergent extension (L) and defines boundaries surrounding notochord and somites (M). In sandwiches expressing HA1, FN fibril assembly
is inhibited in both (N) neural and (O) mesodermal tissues.
101). In Keller sandwiches expressing HA, both noto- wiches were examined by confocal microscopy, and
the shapes of cells in the deep neural and mesodermalchord (Figure 2C) and somite (Figure 2D) pattern nor-
mally. In sandwiches expressing HA1, notochord (Fig- layers were analyzed. In deep mesoderm layers of HA-
injected embryos, the bipolar shape of cells undergoingure 2G) and somite (Figure 2H) differentiate, but there
is a general lack of tissue organization that accompanies medial-lateral intercalation is clear (Figure 3A). Similar
cellular morphologies are evident in neural tissue (Figurethe failure in extension. These data indicate that a lack
of extension is not due to patterning defects in the ex- 3B). In explants derived from HA1-injected embryos,
the cells of both mesodermal (Figure 3C) and neuralplanted tissues.
We then asked if FN matrix expression is correlated (Figure 3D) deep layers show no obvious polarity. To
quantitate these differences, we examined the length/with extension behavior in control explants. FN matrix
is evident by 2 hr following preparation of sandwich width ratios (L/W) of cells in explants expressing HA and
HA1. In the mesoderm of explants expressing HA, theexplants (Figure 2I). An extensive fibrillar FN matrix is
observed within 4 hr (Figure 2J). Sandwich explants pre- average L/W was 2.19 0.43, while, in neural tissue, the
L/W was 2.12 0.28. In contrast, the L/W of mesodermalpared from embryos expressing HA were stained at 18
hr for FN and were examined by confocal microscopy. cells in HA1-expressing explants was 1.01 0.17, and,
in HA1-expressing neural tissue, the L/W was 0.97 FN matrix underlies both neural (Figure 2L) and meso-
dermal (Figure 2M) tissues. The assembly of FN underly- 0.17. The lack of intercalation in axial mesoderm is
clearly demonstrated in sandwich explants at 24 hr. Ining the ectoderm and surrounding the somites and noto-
chord is similar to the pattern that is observed in explants expressing HA that extend and pattern nor-
mally, the notochord consists of a long, narrow structureembryos. In explants constructed from embryos ex-
pressing HA1, there is no FN matrix present under the (Figures 2C and 3E). The nuclei of notochordal cells lie
primarily along the central axis of the notochord (Figureneural (Figure 2N) or mesodermal tissue (Figure 2O).
Decreases in matrix-assembled FN in embryos express- 3E, arrowheads), indicative of medial convergence. In
explants expressing HA1 that do not extend but patterning HA1 was confirmed biochemically by comparing
deoxycholate-soluble and -insoluble fractions of FN normally, the notochord is a short, wide structure (Fig-
ures 2G and 3F). In these notochords, the cell nuclei are(data not shown).
found throughout the notochord (Figure 3F, arrow-
heads); the location of the nuclei indicates that the cellsFN Matrix Is Required for Cell Intercalations
The cellular rearrangements that drive convergent ex- have not converged toward the midline.
The correlation between FN matrix and the presencetension require intercalation of deep cell layers in both
neural and mesodermal cell populations. Because the of medial-lateral elongate cell phenotypes is dramati-
cally demonstrated in Keller sandwiches made from apresence of an FN matrix was associated with conver-
gent extension in both embryos and explants, we inves- combination of HA- and HA1-injected embryos (Figure
4). In the half of the sandwich expressing the HA con-tigated whether intercalation was disrupted in the
absence of FN matrix. Mid-gastrula stage Keller sand- struct, FN matrix is assembled along the superficial and
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arrowheads). The HA1 inhibition of elongate cell polar-
ity is clearly demonstrated in explants in which cells
expressing HA and HA1 are distinguished with fluores-
cent dextrans (Figures 4C–4E). Cells expressing HA are
identified with green dextran and show elongate profiles
(Figure 4C, and green cells in Figure 4D). Cells express-
ing HA that are completely surrounded by cells express-
ing HA1 do not take on extended profiles (Figure 4C,
arrowheads). Cells expressing HA1 (Figure 4E and red
cells in Figure 4D) appear as rounded cells unless sur-
rounded by elongate HA-expressing cells (Figure 4E,
arrowheads). These experiments suggest that integrin
associations with FN are essential for establishing and/
or maintaining polarized cell phenotypes that correlate
with the intercalation movements that drive convergent
extension.
Integrin Signaling Modulates Cadherin Adhesion
The disruption of cell intercalation and convergent ex-
tension by HA1 suggests that cell-cell interactions may
be altered when a dominant-negative integrin construct
is expressed. Using an in vitro cell adhesion assay, we
then asked if this is possibly due to alterations in
C-cadherin-mediated adhesion. Dissociated stage 10
animal cap cells expressing either HA or HA1 were
plated onto a substrate composed of the extracellular
domain of C-cadherin (FC-cadherin [FC-CAD] [34]; Fig-
ure 5A). Approximately 85% of cells expressing HA at-
tach to FC-CAD (Figure 5A, HA). As reported in earlier
studies [11, 14], treatment of animal cap cells with activin
results in a 30% reduction in adhesion to C-cadherin
(Figure 5A, HA  ACTIVIN) compared to untreated cellsFigure 3. Integrin Dominant Negative Disrupts Bipolar Cell Interca-
(Figure 5A, HA). The adhesion of activin-treated blasto-lations
meres is restored by coincubation with a soluble frag-(A–D) Confocal images of dextran-labeled deep cells were collected
ment of FN (GST-9.11), which contains the central cellfrom (A and C) mesoderm and (B and D) neural tissues of Keller
sandwich explants undergoing extension. Cells take on normal bipo- binding domain (CCBD) and binds integrin 51 (Figure
lar morphologies in both (A) mesoderm and (B) neural tissues of 5A, HA  ACTIVIN  9.11). Cells expressing HA1 in
explants expressing HA. In explants made from embryos expressing the absence of activin treatment show a 20% reduction
HA1, there are no bipolar cells in either (C) mesoderm or (D) neural
in adhesion to FC-cadherin (Figure 5A, HA1), in con-tissues. The red arrows indicate the anterior-posterior axis; anterior
trast to cells expressing the HA control construct (Figureis toward the top of the figure in panels (A)–(D).
5A, HA). HA1-expressing cells show no further reduc-(E and F) In 18 hr explants that express HA, the notochord cells
have converged toward the midline ([E], nuclei indicated by yellow tion in adhesion when treated with activin (66% adher-
arrowheads), producing a narrow structure ([E], red arrow). In HA1- ent; Figure 5A, HA1  ACTIVIN), and adhesion is not
expressing explants of a similar age, the notochord is broader ([F], restored when the cells are incubated with the GST-
red arrow), and the location of the notochord cell nuclei ([F], yellow
9.11 fusion protein (62%; HA1  ACTIVIN  9.11). Wearrowheads) indicates that cells have not converged toward the
conclude that integrin ligation with GST-9.11 fusion pro-midline. Grayscale images (E) and (F) have been inverted to clarify
tein alters C-cadherin-mediated cell adhesion, and thatcell boundaries.
overexpression of integrin 1 cytoplasmic tails reduces
C-cadherin adhesion even in the absence of activin.
Together, these data suggest that signaling through thedeep boundaries of the somitic mesoderm (Figure 4B,
green). In the half of the explant expressing the HA1 integrin 1 cytoplasmic tail is involved in the regulation
of C-cadherin adhesivity.construct, no FN matrix is evident. In the portion of the
explant expressing HA, the long axes of the cells are It is possible that dominant-negative integrin con-
structs such as HA1 could affect cell adhesion by alter-oriented in the mediolateral direction in both the somitic
and notochordal mesoderm between boundaries of FN ing the expression levels or posttranslational processing
of cadherins and/or 1 integrins. To address this ques-(Figures 4A and 4B, left side of sandwich). Cells express-
ing HA1 remain rounded and display a disorganized tion, we asked if embryos expressing HA1 display lev-
els of C-cadherin and 1 integrins at the cell surfaceappearance in both the somitic and notochordal meso-
derm (Figure 4A, right side of sandwich). Similar to anti- similar to those of control embryos. Immunoprecipita-
tions of C-cadherin and 1 integrins from cell surface-body-injected embryos, the boundary between noto-
chord and somite in the side of the explant lacking FN biotinylated DMZ (Figure 5B) revealed no differences in
the expression levels of these cell adhesion molecules.is not as well defined, but it is still evident (Figure 4A,
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Figure 4. FN Matrix Is Required for Elongate
Cell Morphologies in Explants Undergoing
Convergence and Extension Movements
(A–E) Keller sandwiches made by combining
DMZs expressing HA and HA1. Elongate cell
phenotypes ([A], dextran-labeled cells) are
observed in the half of the explant that as-
sembles FN ([B], FN revealed with 32F poly-
clonal Ab). In the half of the explant that does
not assemble an FN matrix, cells take on a
disorganized rounded phenotype, but a
boundary between notochord and somitic
mesoderm is still evident ([A], red arrow-
heads). (A) and (B) were obtained from 10
hr explants and represent a saggital section
through an area similar to that indicated by
the red box in Figure 2K. (C–E) Keller sand-
wiches were also made from a combination
of DMZs expressing HA and HA1 colabeled
with green and red dextrans, respectively.
The HA-expressing mesoderm cells take on
normal bipolar phenotypes ([C], grayscale im-
age of green channel shown in [D]), unless
surrounded by HA1-expressing cells ([C],
red arrowheads). HA1-expressing cells have
a rounded appearance ([D], red dextran; [E]
is grayscale image of red channel shown in
[D]), unless surrounded by HA-expressing
cells ([E], red arrowheads).
Previous reports indicate that overexpression of 1 cy- cells formed after 1 hr that showed an unequal distribu-
tion of the two cell populations (Figure 6D). With time,toplasmic tails can result in the promiscuous phosphor-
ylation of focal adhesion kinase [35]. In our assays, nei- the HA-expressing red cells were eventually shed from
the main mass as homotypic aggregates, resulting inther overall expression nor the tyrosine phosphorylation
of FAK was affected by HA1 expression (Figure 5C). aggregates composed primarily of green cells express-
ing HA1 (Figure 6E) or red cells expressing HA (notThus, any change in cell-cell adhesive behaviors
brought about by dominant-negative inhibition of integ- shown). While the degree of aggregate segregation was
variable, the two cell populations clearly sorted fromrin function is not likely a consequence of altered FAK
phosphorylation. each other. We then asked if modulations in cadherin
adhesivity could contribute to the cell-sorting behaviorsA combination of cell-sorting and invasion assays was
used (see Figure S1 in the Supplemental Data available induced by HA1. When HA- and HA1-expressing cells
were aggregated in the presence of the C-cadherin-with this article online) to determine if the observed
integrin-dependent effects on cadherin adhesion could activating antibody AA5 [11], the ability of the cells to
sort was dramatically decreased (compare Figures 6Einfluence cellular behaviors that may be important for
convergent extension. We utilized two assays to analyze and 6F), indicating that C-cadherin activation could par-
tially inhibit the sorting behavior caused by HA1 ex-cadherin-dependent adhesive behaviors and their pos-
sible regulation by integrin signaling. The first is a reag- pression. In “homotypic” aggregates of HA/HA (Figure
6C) or HA1/HA1 (data not shown) cells, mAb AA5 hadgregation and cell-sorting assay that has been used
by many investigators to study differences in cell-cell no affect on sorting behaviors. Incubation of HA/HA1
aggregates in a cadherin-blocking antibody (6B6) re-adhesion among two or more distinct cell populations.
The second is an invasion assay designed to test the sults in flattened, loosely adherent cell masses that do
not sort, confirming the importance of C-cadherin inability of single cells to reintegrate into a multicellular
layer. mediating sorting behaviors in these aggregates (data
not shown). FN staining reveals little assembled matrixFor cell-sorting experiments, DMZs from mid-gastrula
stage, dextran-labeled embryos expressing the HA or evident in aggregates overall, although FN fibrils are
detected in both HA/HA homotypic aggregates and inHA1 construct were excised, and the deep cell layers
were dissociated in Ca2/Mg2-free buffer. Similar num- association with HA-expressing cells in heterotypic ag-
gregates (Figure 6E, insert). These data suggest thatbers of cells expressing HA or HA1 were combined
and allowed to reaggregate. Aggregates composed of HA1 can effect changes in cadherin adhesion that sig-
nificantly enhance the sorting behaviors of the HA andgreen- and red-labeled HA-expressing cells formed a
cohesive mass that exhibited a random distribution of HA1 cell populations.
green and red cells (Figure 6A). Similarly, when green-
and red-labeled HA1-expressing cells were combined, FN Provides a Permissive Signal for Cadherin-
Mediated Invasion and Motilitythe distribution of green and red cells was also random
(Figure 6B). When equal amounts of cells expressing The cell-attachment and -sorting experiments (Figures
5 and 6) reveal that integrin signaling can likely mediateHA (red) and HA1 (green) were combined, a mass of
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mAb (4B12) that blocks the integrin binding site in the
GST-9.11 fusion protein (Figure 6C). A control mAb (4H2)
had no affect on the ability of these cells to reintegrate
in the presence of GST-9.11 (Figure 6D). These experi-
ments suggest that integrin ligation stimulates changes
in cell mobility required for reintegration behaviors.
We then asked if this integrin-dependent behavior
also required C-cadherin adhesion. Indeed, the invasive
behavior stimulated by the GST-9.11 fusion protein
(compare Figures 7E and 7F) is inhibited in the presence
of the C-cadherin-blocking mAb 6B6 (Figure 7G); this
finding confirms the importance of cadherins in promot-
ing reintegration. Interestingly, the C-cadherin-activat-
ing mAb AA5 also inhibits reintegration in the presence
of GST-9.11 (Figure 7H). Finally, these experiments were
repeated by using single cells expressing either HA or
the HA1 integrin dominant-negative constructs. Disso-
ciated single cells expressing just HA (Figures 7I–7L)
behave identically to dissociated control cells (Figures
7E–7H). However, when cells expressing HA1 are
placed on DMZs, they do not integrate (Figure 7M), even
when preincubated with the GST-9.11 fusion protein
(Figure 7N). As in each of the other cases, the 6B6 (Figure
7O) and AA5 (Figure 7P) mAbs do not promote the inte-
Figure 5. Integrin Ligation Regulates Cadherin Adhesion and Is In-
gration of HA1 cells.dependent of Receptor Levels at Cell Surface or FAK Phosphory-
lation.
(A) Animal cap blastomeres expressing HA adhere strongly to the
DiscussionFC-cadherin fusion protein (HA, 86  12%), while activin decreases
blastomere adhesion (HA  ACTIVIN, 57  3.7%). Coincubation of
activin-induced animal cap cells with 15 g/ml of the GST-9.11 Convergent extension is a fundamental developmental
fusion protein encompassing the CCBD of FN restores adhesion to process that underlies the movements of cells and tis-
cadherin (HA ACTIVIN 9.11, 84 4.5%). Cells expressing HA1 sues in a range of morphogenetic events and embryo
show reduced adhesion to the cadherin substrate (HA1, 65 
types. The molecular regulation of the cell intercalation2.5%). This reduced adhesion is independent of activin induction
movements that drive this process remain poorly under-(HA1  ACTIVIN, 66  7.5) and cannot be rescued with the FN
stood, but it clearly involves changes in the adhesivefusion protein (HA1  ACTIVIN  9.11, 62  4.9%).
(B and C) (B) Immunoprecipitation of cadherin and integrin receptors properties of cells. The current study examines the role
from surface-biotinylated DMZ cells reveals that surface expression played by FN matrix in regulating cell-cell interactions
of cadherins is unchanged between uninjected (CONT), HA-injected that mediate axial extension. We used two approaches
(HA), and HA1-injected (HA1) embryos. Similarly, surface levels
to block FN-integrin interactions. First, a mAb (4B12)of 1 integrins remain unchanged under the same conditions. Cadh-
was used to block integrin binding to the CCBD of FNerins and integrins were immunoprecipitated with a polyclonal Ab
and, thereby, inhibit all integrin 51-mediated interac-(Xcad) and mAb 8C8, respectively, and were detected with avidin
HRP. Integrin profiles reveal the presence of 1 and associated  tions with FN at gastrula stages [4, 7, 19]. Second, a
subunits. (C) Immunoprecipitation of FAK from HA- or HA1- chimeric molecule consisting of the extracellular and
expressing embryos does not reveal differences in either the total transmembrane portions of viral hemagglutinin fused to
amount of FAK or the level of phosphorylated FAK.
the cytoplasmic domain of Xenopus integrin 1 was
used to abrogate endogenous integrin functions. The
HA1 construct localizes to the cell membrane [7] andchanges in the adhesive state of C-cadherin. We pre-
viously demonstrated that integrin binding to fragments likely trimerizes, as does wild-type viral HA [37], and
may effectively mimic the microclustering of 1 integ-of FN provides a permissive signal for radial intercalation
[7]. We used a modified version of this assay in the rins. While the precise mechanism by which the con-
struct acts to inhibit integrin function is unclear, evi-current study to ask if cadherin-mediated cell invasion is
affected by integrin signals (Figure 7). Unlike multicelled dence from other systems suggests that clustered
integrin tails are required to transmit intracellular signalsfragments of DMZ [36], individual, deep cells of the invo-
luting DMZ will not reincorporate into the blastocoel roof [38]. The HA1 chimera may function by titrating out
cytoplasmic factors essential for integrin adhesion andif they are first dissociated in Ca2/Mg2-free solutions
(Figure 7A). One possibility for the difference in behavior signaling [26] and thus act as a dominant negative [32,
39]. An important conclusion from the use of the theseof single cells is that dissociation may release or inacti-
vate a molecule(s) from the cell surface essential for this two approaches is that integrin binding to FN normally
propagates signals transmitted through the 1 cyto-behavior. Rapid recovery of reintegration behavior is
observed in dissociated cells when they are preincu- plasmic tail and that inhibiting integrin ligation or deplet-
ing a pool of cytoplasmic factors with a dominant-nega-bated with a soluble fragment of FN that contains the
CCBD (GST-9.11; Figure 7B). The ability of GST-9.11 to tive integrin can block transmission of this signal. Both
the FN function-blocking antibody and the integrin domi-promote reintegration is inhibited in the presence of an
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Figure 6. Cell Sorting of Dissociated DMZ
Cells Is Altered by Expression of the Integrin
Dominant-Negative Construct
Aggregates were made from HA- and/or
HA1-injected DMZ-dissociated deep cell
layers and were allowed to sort for 3 hr at
room temperature.
(A) When HA-expressing green and red dex-
tran-labeled cells are combined, they aggre-
gate but do not sort.
(B) Red and green dextran-labeled cells ex-
pressing HA1 also aggregate but do not
sort.
(C) Sorting also does not occur when green
and red cells expressing HA are treated with
the C-cadherin-activating antibody AA5.
(D and E) When HA-expressing cells (red) are
combined with HA1 cells (green), cell sorting
is evident after (D) 1 hr, and, by (E) 3 hr, the
two cell populations are segregated; aggre-
gates of red cells are shed at the periphery
(data not shown). FN matrix can be detected
in aggregates after 3 hr of association with
cells expressing HA ([E], inset).
(F) Activation of C-cadherin by mAb AA5 inhibits the exclusion of HA (red) cells from the mixed aggregates. Three individual assays were
performed on three separate spawnings for a total of nine aggregates of each type; representative samples are shown.
nant negative yield similar phenotypes in whole em- cess. We report that explants lacking FN matrix do not
extend and cells within neural and mesodermal domainsbryos, explants (see also Figure S2 in the Supplemental
Data), and reintegration assays. do not display the bipolar elongate mediolateral align-
ment characteristic of cells undergoing mediolateral in-
tercalation behaviors (MIB). Significantly, in explantsConvergent Extension and Cell Intercalation
Require Interactions with FN Matrix made with tissues expressing HA, notochord cells con-
verge to the midline where they form a long, narrowIn Xenopus convergent extension is the morphogenetic
process believed to drive axial extension in both meso- array. In explants expressing HA1, which lack FN ma-
trix, the notochord field fails to converge and remainsderm and neural tissues [3]. If FN plays a role in axial
extension, then depletion of FN matrix in tissues that 4–5 cells across, comparable to its width prior to conver-
gence [40]. Thus, not only are early bipolar cell align-undergo convergent extension should disrupt the pro-
Figure 7. Integrin Ligation Promotes Cadh-
erin-Dependent Reintegration of DMZ Cells
Red dextran-labeled stage 10 DMZ cells were
dissociated and seeded back onto green
dextran-labeled stage 10 intact DMZs. Verti-
cal confocal sections were taken to observe
the reintegration of the cells into the DMZ.
(A–D) Reintegration of DMZ cells requires in-
tegrin ligation. (A) Dissociated cells do not
invade after 10 min. (B) Cells preincubated
with CCBD of FN (GST-9.11) reintegrate
rapidly.
(C) Reintegration of cells promoted by GST-
9.11 binding is inhibited in the presence of
an antibody that blocks integrin adhesion to
GST-9.11 (4B12).
(D) A nonblocking anti-FN antibody (4H2) has
no effect on integration behaviors.
(E–H) Integrin-mediated reintegration re-
quires cadherins. (E) Dissociated DMZ cells
do not integrate into the DMZ, (F) while those
incubated with GST-9.11 reintegrate. (G) A
C-cadherin function-blocking mAb (6B6) inhibits this reintegration. (H) Similarly, a mAb (AA5) that activates C-cadherin inhibits integration.
(I–L) (I) Cells expressing the HA construct do not reintegrate into the DMZ, (J) while incubation with GST-9.11 promotes rapid integration.
(K and L) This activity is inhibited by both mAb (K) 6B6 and (L) AA5.
(M–P) (M) HA1-expressing cells do not reintegrate, (N) even in the presence of GST-9.11. Nor do they integrate with the (O) function blocking
C-cadherin antibody 6B6 or with the (P) adhesion-stimulating antibody AA5. Each of these experiments were repeated four times, and each
condition was studied by analyzing the seeding of 10–12 cells per experiment. Individual cell behaviors were consistent from experiment to
experiment (95% repeatability; variability due to inaccurate placement of individual cells at explant periphery). Representative examples are
shown.
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ments disrupted, but the subsequent associated inter- ing that precise control of C-cadherin adhesive activity
is required for normal morphogenesis. Thus, our resultscalation behaviors are as well. This extends our earlier
observations that FN matrix is essential for polarized correlate well with those published previously, which
indicate that “too little or too much” cadherin activitycell behaviors and radial intercalation movements [7].
These data together support the conclusion that the inhibits Xenopus gastrulation [11, 14, 41].
signal being relayed through integrins is not restricted
to mesoderm or neural tissues and is active in both Integrin Signaling and Cadherin Adhesion
radial and mediolateral cell intercalations. The loss of C-cadherin is the major cadherin expressed in the gas-
MIB in embryos and explants lacking FN matrix is not trula stage embryo, and it is reported to be essential for
due to alterations in cell fate, as both patterning and Xenopus gastrulation [12, 14, 42] and the intercalations
differentiation of neural and mesodermal tissues is nor- of cells involved in convergent extension [43]. An anti-
mal. These findings indicate that cell specification is body that “activates” C-cadherin adhesion has also
independent of integrin ligation, while rearrangement of been shown to block axial extension [11], while a moder-
cells within these domains requires integrin signals. ate decrease in C-cadherin activity is reported to be
Boundary capture is an important component of the required for the extension of activin-induced animal
later stages of convergent extension in mesoderm and caps [14]. Together, these data suggest that precise
neural tissues [2, 3]. It is unlikely that FN establishes control of cadherin adhesivity is necessary for normal
boundaries, as they are clearly present in explants that morphogenesis to proceed.
lack matrix (e.g., Figures 4A and 4B). An alternative ex- Ligand binding has been shown to alter integrin asso-
planation is that the FN normally located at these bound- ciations with cytosolic components [38]. Thus, a ligand-
aries allows for intercalation within defined domains. In induced change in integrin conformation could alter the
explants made from a combination of DMZs expressing associations of the cytoplasmic tails of the integrin het-
HA and HA1, elongate cell shapes are only found in erodimer with select cytoskeletal and/or signaling mole-
association with FN matrix. In the HA1-expressing half cules that also participate in cadherin adhesion. Inter-
of such explants (where FN matrix is absent), cells re- estingly, expression of HA1 in animal cap cells causes
main rounded, yet boundaries between notochord and a reduction in FC-cadherin binding in the absence of
somite are still present. This further supports the notion activin, even though the endogenous integrins are not
that FN is essential for intercalation behaviors within engaged with ligand (i.e., GST-9.11). One possible expla-
previously defined domains. In the embryo and in ex- nation is that the chimera is disrupting signals originat-
plants, integrin signaling does not appear to be neces- ing from the unligated population of integrins at the cell
sary for boundary formation per se; however, local accu- surface. Unligated integrin signaling has been reported
mulation of FN matrix defines domains of intercalating to occur in some instances, for example, the recruitment
cells and likely allows for axial extension. and activation of caspase-8 to the  subunit tail [44].
Furthermore, overexpression of  subunit cytoplasmic
tails has been shown to activate signaling pathwaysAdhesive Regulation of Cell Sorting
that negatively regulate integrin function [45] and effectand Invasive Behaviors
changes in the extracellular conformations of endoge-When dissociated cells from stage 11 embryos are com-
nous integrin receptors [46]. Thus, multiple routes tobined in cell-sorting assays, combinations of cells ex-
activation of integrin-dependent signaling pathways ex-pressing HA/HA or HA1/HA1 mix equally well, indicat-
ist that do not require extracellular ligand binding. As ining that cell-cell adhesion is equivalent. However, when
the case of integrins, cadherin adhesive function cancells expressing HA and HA1 are combined, the cells
be regulated through the cytoplasmic tail [27]. Cadherinsegregate, indicating nonequivalancy. This behavior is
and integrin tails may normally “compete” for a limitingat least partially attributable to C-cadherin because an
factor(s) common to both adhesive systems. One mole-activating antibody largely reestablishes adhesive
cule suggested to be involved in the regulation of cadh-equivalency among HA- and HA1-expressing cells,
erin adhesivity is the nonreceptor tyrosine kinase FER,while an antibody that blocks C-cadherin function does
which binds to the juxtamembrane region of the cadh-not permit HA1-dependent sorting. To our knowledge,
erin cytoplasmic tail and is also implicated in integrinthis is the first example of regulation of cell sorting that
function [47, 48].is independent of switches in cell adhesion molecule
type or expression levels.
To further examine integrin-dependent cadherin activ- FN Is Part of a Larger Convergent
Extension Machineity, we adapted a reintegration assay that uses isolated
DMZ cells that have not been exposed to an FN matrix. How cell intercalations are locally confined is one of the
mysteries surrounding convergent extension. InitiatingWhen these cells are dissociated in Ca2/Mg2-free solu-
tions, they do not reintegrate into the DMZ over a short and restricting cell intercalation within local domains is
essential to convergent extension as a mechanism forperiod of time. The ability to reintegrate requires expo-
sure to an integrin ligand such as FN and is dependent driving morphogenesis. It is clear that the presence of
FN matrix is required for normal cell intercalations thatupon C-cadherin function. These assays also suggest
that cell motility within tissues that undergo convergent support epiboly and convergent extension (i.e., radial
and medial-lateral intercalation); additionally, FN playsextension can be at least partially mediated through
cadherin adhesion. Interestingly, antibodies that both a more widely studied role in mesendoderm migration
across the blastocoel roof [4, 9, 49, 50]. The assemblyblock or activate C-cadherin block reintegration, indicat-
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